model of circus movement tachycardia utilizing an accessory pathway. Cycle length alternation in this type of tachycardia refers to simultaneous atrial and ventricular cycle length alternation. Ventricular cycle length alternation due to atrial tachycardia with 3:2 Wenckebach atrioventricular block will not be considered in this paper. Methods A mathematical model of circus movement tachycardia utilizing an accessory atrioventricular pathway was constructed and entered into an Apple II microcomputer:
of tachycardia by block in the AVN. Similar but more complex responses to perturbation of tachycardia were found using patient-based AVN function curves. Thus, sustained cycle length alternation and amplification or damping of perturbation could be produced. Using physiologic AVN function curves, the respnse to perturbation of tachycardia depended on the interrelationship of the shape of the AVN function curve, the location of the cycle length of tachycardia on the curve, the magnitude and direction of the perturbation, and the AVN effective refractory period. We conclude that cycle length alternation during tachyeardia may be explained by the characteristics of a single antegrade AVN function curve without postulating the presence of additional AVN pathways. The stability of circus movement tachycardias depends on the interaction of several variables.
CYCLE LENGTH ALTERNATION during supraventricular tachycardia has been noted in several reports." It is usually seen at the beginning or end of a paroxysm of tachycardia or after administration of drugs that increase atrioventricular nodal (AVN) refractoriness. 4 '" The mechanisms have been a puzzle and a variety of explanations have been suggested, including supernormal conduction, alternation in the length or conduction velocity of the reentrant pathway, and alternate use of a previously concealed slow antegrade pathway.'14, 7, 8 More recently, using electrophysi=ologic studies to define the location and mechanism of tachycardia, some investigators have concluded that cycle length alternation in circus movement tachycardias utilizing an atrioventricular accessory pathway requires the presence of dual AVN pathways.7 8 These investigators postulated 2: 1 block in the antegrade fast AVN pathway as the cause of cycle length alternation. Other workers have implied that normal properties of the AVN may be sufficient to permit cycle length alternation to occur. 6' 9, 10 In this study we investigated the role of the AVN function curve during tachycardia by means of a computer model of circus movement tachycardia utilizing an accessory pathway. Cycle length alternation in this type of tachycardia refers to simultaneous atrial and ventricular cycle length alternation. Ventricular cycle length alternation due to atrial tachycardia with 3:2 Wenckebach atrioventricular block will not be considered in this paper. Methods A mathematical model of circus movement tachycardia utilizing an accessory atrioventricular pathway was constructed and entered into an Apple II microcomputer:
Let AA = the cycle length of tachycardia; let AH = the conduction time in the antegrade limb of the tachycardia circuit for conduction from atrium through the AVN to the His bundle; let K the sum of conduction times in the retrograde limb of the tachycardia circuit (the sum of conduction times from the His bundle to ventricle to accessory pathway and back to atrium adjacent to the AVN). Then AA AH = K.
Assuming that K is a constant, AA is directly proportional to AH. For any given tachycardia operating at a stable basic cycle length with a stable AH interval, there exists an AVN function curve relating the coupling interval of premature or late beats during tachycardia to their resultant increase or decrease in AH interval. Thus, any perturbation of the tachycardia cycle causing a short or long cycle will cause a change in AH interval in the next cycle, and consequently a change in the next AA interval, which then changes the following AH, and so on. To investigate the role of the AVN function curve during tachycardia in determining the effects of perturbation of the tachycardia cycle, the folloWing curves were used: (1) simple straight-line relationships between AA figure 2 ), a variety of changes may occur, depending on the timing and degree of the shift. If the curve shifts to the right during a short cycle, the subsequent long cycle is lengthened, and amplification of alternation occurs ( fig. 2C ). If the curve shifts to the right during a long cycle, three changes can occur, depending on the degree of lengthening of the following "short" cycle that is produced. If this cycle is lengthened such that it becomes equal to a long cycle, the changes shown in figure 2D occur. If the "short" cycle is lengthened but still remains less than the long cycle, the changes figure 2E occur. If the short cycle is lengthened to a greater degree than the long cycle, the changes shown in figure 2F occur. In all responses to shifting of the AVN function curve to the right, the net effect is an increase in mean cycle length of tachycardia ( fig. 2) . Figure 3 shows the effects of i.v. verapamil in a patient with sustained, stable circus movement tachycardia utilizing an accessory pathway. The onset of alternation was gradual with only a minor degree of alternation initially. A variety of changes occur, similar to those predicted in figure 2. There is a variation in degree of alternation, sometimes with and sometimes without increase in the length of the short 'AA cycle. The net effect is an increase in mean cycle length of tachycardia. Tachycardia terminates after a short cycle, probably due to associated increase in AVN effective refractory period (ERP).
The schemata in figure 2 assume that the slope of the curve stays constant. If the slope also changes when the curve moves to the right, the effects described in subsequent sections occur.
Straight-line A VN Function Curve with a Gradient of More Than -1 (Slope < 450) Figure 4 shows the effects of perturbation by a 40-msec increase in AH interval during a tachycardia in which the AVN function "curve" is a straight line with a slope of 30°. The effect on subsequent tachycardia cycles is shown in figure 4E . Thus, the initial perturbation is rapidly damped in further cycles, and stable tachycardia continues at the previous stable cycle length. In the extreme example of gradient = 0 (slope 00), the tachycardia returns to the baseline state immediately. Figure 5 shows the effect of perturbation of a sustained stable tachycardia by induced atrial premature beats in a patient with circus movement tachycardia utilizing an accessory pathway. The resulting changes RR interval (msec) 6A-C) . However, the types of responses were more complicated than with the straight-line model and depended on the shape of the AVN function curve, the location of the point of stable tachycardia on that curve, the magnitude and direction of the perturbation, and the AVN ERP. A perturbation could be damped or amplified in subsequent cycles before the delayed onset of sustained stable cycle length alternation (figs. 6D and E). Thus, cycle length alternation could be induced using a variety of curves, in contrast to the straight-line model, which required a single, specific gradient. A flat tail on the AVN function curve (i.e., the right part of the curve) tended to increase the incidence of sustained cycle length alternation, especially if it had a gradient of 0 (provided the point of intersection of stable tachycardia fell on the steeper part of the curve). In contrast, if the point of intersection of stable tachycardia fell on the flat part of the curve, perturbations tended to be damped rapidly. If the gradient is 0 in this latter situation, all premature beats that did not immediately cause block in the AVN had no effect on subsequent tachycardia cycles ( fig. 6F) explain why clinical cycle length alternation is often induced by these drugs. Furthermore, the same drugs increase the AVN ERP, which, according to the tachycardia model, would predispose to termination of tachycardia at the level of the AVN after a short cycle during cycle length alternation. This is consistent with previous clinical observations." 8 Induction of cycle length alternation in the tachycardia model by gradual movement of the AVN refractory curve to the right tends to cause a gradual onset of alternation, with a gradual increase in amplitude. Gradual onset is frequently seen in clinical cycle length alternation ( fig. 3) . In contrast, the onset of alternation according to the theory of 2: 1 block in an antegrade fast AVN pathway should be sudden and marked, since block of fast AVN pathway conduction is usually manifested clinically by a sudden, marked increase in AVN conduction time.12 In our clinical experience, this type of onset of alternation is uncommon.
Perturbations of sustained clinical tachycardias by introduced conducted premature beats are usually rapidly damped ( fig. 5) . Thus, these tachycardias are generally resistant to perturbation. This suggests that AVN function curves during sustained stable tachycardias are usually flat, probably secondary to reflex increase in sympathetic tone. Thus, cycle length alternation due to the mechanism postulated in the tachycardia model should only be seen in situations of increased AVN refractoriness. Again, this is compatible with the clinical context in which cycle length alternation usually occurs.
Limitations of the Tachycardia Model
The major limitation of the tachycardia model used in this study is the assumption that perturbations of No 5, MAY 1982 unstable. Our data are in general agreement with their conclusions. However, the gradient of the curve at the point at which the tachycardia is operating is not the only important factor if physiologic human AVN function curves are used. The effects of perturbation are determined by the complex interrelationship of the shape of the AVN function curve, the location on the curve of the cycle length of stable tachycardia, the AVN effective refractory period, and the magnitude and direction of perturbation.
Conclusions and Clinical Implications
Cycle length alternation during circus movement tachycardia may be explained by assuming normal characteristics of a single antegrade AVN pathway. Consequently, cycle length alternation during tachycardia should not be used as sole evidence for the presence of dual AVN pathways in patients manifesting this phenomenon. This study also provides an explanation for the clinical observation that drugs like verapamil may induce cycle length alternation before termination of tachycardia by block in the AVN. Finally, the characteristics of the AVN function curve, the cycle length of tachycardia, and the magnitude and direction of any perturbations are important in determining the stability of the tachycardia circuit.
